Industrialization in the modern world has brought about the development of new products but has likewise generated novel contaminants, which could profoundly harm our environment[@b1][@b2]. The crisis of freshwater in many developing countries has been further aggravated by pollutants from chemical and biological species, which have serious effects on human health[@b3]. Pharmaceutical antibiotics, one of the most heavily used classes of drugs in medical therapy and the farming industry, have frequently been detected in soil, surface water, ground water, and drinking water. Most antibiotics cannot be fully absorbed and metabolized by humans and animals[@b4][@b5][@b6]. Some of the antibiotics that are used excessively have low biodegradability and can potentially cause a variety of adverse effects including acute and chronic toxicity, disruption of aquatic photosynthetic organisms, impact on indigenous microbial populations, and damage to antibiotic-resistant genes in microorganisms[@b7][@b8]. Thus, the presence of antibiotic residues in water poses serious risks to human and ecological and is a major concern[@b9].

The traditional water treatment systems used to remove microorganisms from water and wastewater are not completely effective at removing antibiotics[@b10]. Hence, the risks to human health and the environment as well as the associated financial losses have increased the urgency to develop effective and efficient technologies to thoroughly remove antibiotics from water, in particular from drinking water. As well, the development of carbon nanomaterials has stimulated a renewed interest in utilizing these materials in adsorption applications for water purification because carbon nanomaterials can meet the criteria required for a good adsorption process as they possess a high surface area, large pore volume, and strong physical and chemical interactions with pollutants. For example, due to their high adsorption capacity, activated carbons (ACs) have been widely used in adsorption treatments to remove pollutants[@b11][@b12]. Carbon nanotubes (CNTs) are also considered a promising adsorbent because of their high aspect ratio, large surface area and mesoporous volume[@b13][@b14]. Moreover, graphene and graphene oxide (GO) exhibit improved performances in removing organic dyes, pharmaceutical antibiotics, and aromatic compounds due to their large specific surface area and/or massive functional groups on their surface[@b15][@b16][@b17]. GO, which is structurally similar to graphene, possesses a large quantity of oxygen-containing epoxy, hydroxyl, and carboxyl groups, and the presence of these functional groups has rendered GO highly hydrophilic and thus suitable for use in aquatic and biological environments[@b18][@b19].

Graphene and graphene-based carbon nanomaterials might be particularly suited for removing organic pollutants possessing aromatic rings in their molecular structures because of the strong "π-π" electron interactions that occur between graphene and the contaminants. However, like any nanoscale material, carbon nanomaterials are prone to aggregate due to their ultrahigh surface energy[@b20][@b21][@b22]. Therefore, the development of carbon nanomaterials with large surface areas and/or porous structures, but with significantly reduced tendencies to aggregate, is of great interest to the scientific community, especially for the purposes of contaminant removal. To this end, membrane separation appears to provide a rational option, and the technology has been used in the water purification, food processing, pharmaceutical, and chemical industries[@b23][@b24][@b25].

Until now, the majority of the membranes made for molecular separation have been based on polymeric materials, which include polyimide, polysulfone, and cellulose[@b23][@b26]. However, the widespread application of polymeric membranes is severely limited by a number of drawbacks including poor tolerance to acidic or alkaline reagents, high temperatures, and organic solvents. In contrast, carbonic materials have demonstrated abilities adsorbing dyes, antibiotics, and heavy metal ions in a natural adsorption method, but the adsorption process usually takes hours to days to complete. Thus, the development of a thin and light-weight separation membrane with a dramatically reduced filtration time and enhanced adsorption capacity is highly desirable. Here, we report that with the assistance of homemade hybrid carbon membranes including GO/AC, GO/CNT, and CNT/AC, we achieved high adsorption capacities and high filtration efficiencies for the removal of tetracycline hydrochloride (TCH) antibiotics and dyes such as rhodamine B and methylene blue from water. Finally, the structures of these membranes were analyzed, and their adsorption performances were investigated.

Results
=======

Pure GO, CNT, and AC, and hybrid mixtures of GO/CNT, GO/AC, and CNT/AC were used to produce free-standing and flexible membranes based on an easy vacuum filtration method. The GO, GO/CNT, and GO/AC membrane morphologies are shown in [Fig. 1a--c](#f1){ref-type="fig"}. These membranes resembled paper, possessed good mechanical flexibility ([Figure S1a](#S1){ref-type="supplementary-material"}), and could be used directly in our purification experiments. Compared with GO/CNT and GO/AC, the membranes made of pure GO performed poorly due to its dense structure that arose from the strong π-π stacking[@b27] ([Fig. 1d](#f1){ref-type="fig"}). When CNTs and ACs were inserted into the interstitial sites of the GO nanoflakes, porous structures formed inside the hybrid membranes (as illustrated by [Fig. 1e,f](#f1){ref-type="fig"}, also see the N~2~ gas adsorption result). However, the CNT/AC membranes exhibited poor mechanical strength and started to develop cracks and gaps only a few minutes after their formation ([Figure S1b and S1c](#S1){ref-type="supplementary-material"}).

The potential water permeation route is presented in [Fig. 1h](#f1){ref-type="fig"}. Due to the porous structures that emerged in GO following the introduction of CNTs and ACs, micro channels in the hybrids were created that accelerated the water flow through the membranes. Therefore, the suitability of the membranes for water purification purposes was enhanced by the hybridization approach and resulted in improved filtration efficiency and shorter filtration times.

Scanning electron microscopy (SEM) images of cross-sections of the GO, GO/CNT, and GO/AC membranes are presented in [Fig. 2a,c,e](#f2){ref-type="fig"}, respectively, with the transmission electron microscopy (TEM) images of the materials shown in [Fig. 2b,d,f](#f2){ref-type="fig"}, respectively. The images show that the GO membrane had a dense structure and that the one-dimensional (1D) CNTs ([Fig. 2d](#f2){ref-type="fig"}) were uniformly dispersed within the GO flakes, which was presumably assisted by van der Waals forces between them. As a result, the GO/CNT membrane exhibited a more porous structure compared with pure GO. The insert in [Fig. 2c](#f2){ref-type="fig"} shows a SEM image of the GO/CNT membrane at a higher magnification, confirming the good co-dispersion between GO and CNTs. The GO/AC membrane showed a porous structure that was similar to that of GO/CNT, with the AC nanoparticles ([Fig. 2e](#f2){ref-type="fig"}) homogeneously inserted into the interstitial sites of the GO flakes. The uniform dispersion is also seen in the TEM image ([Fig. 2f](#f2){ref-type="fig"}). As well, no holes or cracks were observed in the GO/CNT and GO/AC membranes.

The results of the nitrogen (N~2~) adsorption-desorption isotherms of the GO, GO/CNT, and GO/AC membranes is shown in [Fig. 3a](#f3){ref-type="fig"}. Both GO/CNT and GO/AC exhibited an apparently enhanced adsorption-desorption intensity compared with the pure GO membrane. The GO/CNT and GO/AC isotherms were categorized as type IV with hysteresis loops based on relative pressures (P/P~o~) between 0.4 and 1.0, which decisively confirmed their mesoporous features[@b10]. Also, the corresponding analysis of the GO/AC pore size distribution (inset in [Fig. 3a](#f3){ref-type="fig"}) indicated that the pores were about 3--10 nm in size. Due to the excellent dispersion of the CNT and AC nanoparticles in GO, high specific surface areas of 414 m^2^/g for GO/AC and 326 m^2^/g for GO/CNT were achieved, which was much higher than the surface area of the pure GO membrane (\~86 m^2^/g).

The UV-Vis absorption spectra of the initial TCH solution (20 mL, 1 mg/mL) and the TCH residue solutions following by filtration with GO, GO/CNT, CNT/AC, and GO/AC membranes are shown in [Fig. 3b](#f3){ref-type="fig"}. It can be seen that the initial TCH solution had a strong absorption ability in the UV region (before 420 nm). After being filtered by GO membrane, the solution showed a greatly reduced absorption intensity in the same region. In comparison, more pronounced decreases in the absorption intensity were observed in the residue solutions filtered using the GO/CNT and GO/AC membranes, which confirmed the higher adsorption abilities of GO/CNT and GO/AC for TCH, with the GO/AC membrane exhibiting the best result.

A comparison of the adsorption capacities of the different carbon membranes for TCH is shown in [Fig. 3c](#f3){ref-type="fig"}. Pure GO sheets ([Figure S2](#S1){ref-type="supplementary-material"}) exhibited a saturated adsorption capacity of 153 mg/g, which was comparable to previous results obtained using graphene or GO-based active adsorption materials[@b27][@b28]. The AC and CNT membranes displayed lower capacities of 136 mg/g and 98 mg/g, respectively. However, the adsorption capacities of the GO/CNT and GO/AC hybrid membranes were 356 mg/g and 449 mg/g, respectively, which indicated the full utilization of their interfacial functional groups and their synergistic effect for TCH filtration. Also, rhodamine B and methylene blue were used as contaminants to test the removing ability of GO/AC membrane. As seen in [Figure S3](#S1){ref-type="supplementary-material"}, good adsorption efficiencies of about 95% can be achieved due to the high removing ability of GO/AC membrane.

We also conducted an energy-dispersive spectroscopy (EDS) test on a post-filtered GO/AC membrane to study the adsorbed TCH on the membrane. The EDS images of the samples that were tested are shown in [Fig. 3c--i](#f3){ref-type="fig"}. The strong carbon element shadow resulted from the GO and AC matrices, whereas the oxygen element mainly came from the chemical groups of GO (also see [Figure S4](#S1){ref-type="supplementary-material"}). Uniformly distributed nitrogen and chlorine elements were likewise detected, confirming that the TCH molecules were indeed trapped by the membrane. Fourier transform infrared (FTIR) spectra of the GO, GO/CNT, and GO/AC membranes are shown in [Figure S4](#S1){ref-type="supplementary-material"}. As seen in the spectra, GO exhibited a strong oxygen-containing characteristic from functional groups such as C = O in the carboxyl group (1722 cm^−1^), C-O from the epoxy group (1231 cm^−1^), C-O in the alkoxy group (1043 cm^−1^), and O-H stretching vibrations (3400 cm^−1^)[@b29][@b30][@b31]. As well, [Figure S4](#S1){ref-type="supplementary-material"} indicates that the mixing of CNTs and ACs with GO did not reduce the IR absorption strength of the GO oxygen-containing groups, indicating that the hybridization did not have any harmful effects on these groups.

The adsorption capacity can be converted into an adsorption percentage, which was 82.3%, 96.1%, 98.9%, and 84.5% for the GO, GO/CNT, GO/AC, and CNT/AC membranes, respectively, following once filtration through each membrane ([Fig. 4a](#f4){ref-type="fig"}). In addition, the filtration time (with 0.4 mg/mL TCH solution, 20 mL) was markedly reduced from 144 min with pure the pure GO membrane to 74 min with the GO/CNT membrane and to only 19 min with the GO/AC membrane (the filtration time was only 5 min for CNT/AC membrane, but this very short duration was likely caused by the cracks and holes in the membrane). Clearly, the GO/AC membrane demonstrated the best results in terms of both high adsorption capability and short filtration time.

In order to compare our membrane method with natural adsorption, we carried out a test of the two methods under identical conditions. Using a natural GO/AC mixture and the GO/AC membrane separately, we measured the adsorption of TCH in solution (0.4 mg/mL, 80 mL) in order to achieve the target 95% rate of adsorption. In the test, a mixture containing an equivalent amount of GO and AC with the GO/AC membrane was dispersed into the solution to examine the natural adsorption process. [Figure 4b](#f4){ref-type="fig"} shows that the natural adsorption method required 360 min whereas only 80 min were required for membrane filtration, which confirmed the higher separation efficiency using the GO/AC membrane. In addition, the TCH solution was repeatedly filtered using the GO/AC membrane to record the percentage of the TCH residue in the water after each filtration ([Fig. 4c](#f4){ref-type="fig"}). After four filtration cycles, the TCH residue in the water was nearly zero ([Fig. 4c](#f4){ref-type="fig"} insert), which once again confirmed the high capability of the membrane to remove TCH from the water.

We also conducted a single molecule fluorescence experiment to determine the limit of TCH residue remaining in the sample solution, the results of which are summarized in [Fig. 5a--c](#f5){ref-type="fig"}. The number of bursts from a single TCH molecule passing through the 488 nm laser focus volume increased in a TCH concentration-dependent manner. As shown in [Fig. 5c](#f5){ref-type="fig"}, a linear correlation between the number of bursts and the concentration was observed using concentrations that ranged between 0.55 pM and 1.0 nM for the standard curve. As well, the detection limit was determined to be 500 fM. The results confirmed that the adsorption capacity of the GO/AC membrane could be effectively measured up to 99.99% by single molecule fluorescence technology, especially when the concentration was below the nM level, which represents the level of antibiotic contamination typically found in drinking water in developing countries. Finally, an additional benefit of the proposed technique is that it does not require any pre-separation or pre-treatment for the determination of the TCH quantity.

Discussion
==========

The excellent adsorption abilities of the GO-based membranes in regards to TCH can be ascribed to the characteristic carbon nanostructure and the abundant functional chemical groups on their surface. As previously mentioned, GO contains a number of oxygen-containing groups on its surface. Tetracycline consists of four aromatic rings with various functional groups on each ring including phenol, alcohol, ketone, and amino groups, which are expected to strongly interact with the GO aromatic rings and functional groups by hydrogen bonding, π-π electron interactions, and electrostatic interactions. These chemical interactions, in addition to a physical adsorption effect, contribute to the overall adsorption ability of GO towards TCH and its effective removal of TCH from the water.

The mixing of CNTs or AC with GO greatly enhanced the adsorption/purification ability of GO. A likely explanation for this enhanced effect is the markedly increased surface areas in the GO/CNT and GO/AC hybrid membranes compared with pure GO, as demonstrated by the results of the N~2~ gas adsorption tests. Furthermore, the increased surface areas resulted from the natural tendency of CNTs and AC to disperse into GO because they are all carbons with highly similar structures. Moreover, the hybrids possessed numerous tiny pores in their structures that were formed when the CNT and AC nanoparticles were inserted into GO sheets. CNT and AC nanoparticles were found within the interstitial sites of the GO flakes, which prevented the tight aggregation of the 2D flakes. Instead, the flakes formed a homogeneous mixture with the 1D CNTs or AC, resulting in the formation of uniformly dispersed membranes. This effect undoubtedly increased the overall surface area of the materials and facilitated the possible contacts between the TCH molecules and the carbon films for adsorption. Moreover, the tiny 1--3 nm pores present in the membrane acted as channels for water flow during the filtration processes. Consequently, a greater adsorption/removal ability of the GO/CNT and GO/AC membranes towards TCH was observed, with GO/AC demonstrating the best result.

Conclusion
==========

In this study, pure and hybrid membranes composed of 2D GO sheets, 1D CNTs, and AC were explored for the purpose of removing TCH antibiotic residues from water. Among them, the hybrid and flexible GO/AC membrane demonstrated an exceedingly strong adsorption capability towards TCH molecules. The underlying mechanism of the observed performance is believed to arise primarily from the intrinsically good adsorption ability of GO and AC, as well as the excellent dispersion of AC nanoparticles within the GO sheets. As a consequence of the dispersion, the adsorption surface areas in the hybrid structure were largely increased. Thus, the adsorption performance was greatly enhanced compared with pure GO or AC. Moreover, the GO/AC membrane exhibited the shortest filtration time and the highest filtration efficiency among all of the membranes tested, which can be attributed to the very porous structure formed during the hybridization process. Chemically, we attribute the effective adsorption capability to the strong interactions between GO/AC and TCH including hydrogen bonding, π-π electron stacking, electrostatic interactions, and the van der Waals forces between the GO functional groups and TCH. In summary, all these factors contributed to the high adsorption capacity (449 mg/g), which was much higher than the adsorption capacity of the pure GO membrane (251 mg/g). In addition, the result of single molecule fluorescence experiment confirmed the efficient removal of TCH residues to levels below nM range in drinking water. Overall, our results suggest that the development of hybrid membranes composed of structurally diverse but complementary nanocarbons provides a simple yet powerful and scalable approach to the removal of antibiotic residues in water[@b32][@b33].

Methods
=======

Materials
---------

Natural flake graphite approximately 100 μm in size was purchased from Qingdao Graphite LTD., Qingdao, China. A modified Hummers method was used to prepare 1--5 μm GO sheets that were approximately 1 nm thick[@b34]. Pure CNTs with an average diameter of 30--50 nm and approximate length of 15 μm were purchased from Beijing Tiannai Nanotechnology Co. AC that was an average size of 100 nm were obtained from Nanjing XFNANO Materials Tech Co. TCH powder (analytical standard) was purchased from Sigma-Aldrich. All of the other chemicals were of analytical grade and were used as received without any further purification. Ultraclean water from a Milli-pore system was used in all of the experiments.

Preparation of GO/AC, GO/CNT, CNT/AC, and pure GO membranes
-----------------------------------------------------------

A dispersion of GO/AC with a 2:1 GO to AC mass ratio was created by mixing 2.5 mg of AC with 5 mL of a GO suspension (1 mg/mL) under ultra-strong stirring and sonication. The GO/AC membrane was prepared by vacuum-filtering the obtained dispersion onto a porous polyvinylidene fluoride film (Xinya Filter Membranes-organo System, Shanghai, China) with a pore size of 0.22 μm. A free-standing GO/AC membrane was then obtained by separating the resulting GO/AC film from the fluoride substrate. Similarly, GO/CNT, CNT/AC, and CNT/AC membranes were generated using the same approach and the mass ratio of 2:1. The pure GO membrane was prepared using the same method.

Molecule separation using the carbon membranes
----------------------------------------------

The filtration/separation experiments were carried out with vacuum filtration equipment (Shanghai Weikai instrument equipment Co., LTD, China). Briefly, 20 mL of the TCH solution (0.4 mg/mL) was poured into a container equipped with the carbon membranes and the permeate solution was collected in the bottom compartment of the filter. The rejection rates of the TCH molecules were then calculated based on concentrations of the molecule in the original and permeate solutions, according to the following equation:

where C~o~ represents the concentration of TCH in the original solution and C~p~ is the concentration of TCH in the permeate solution. The concentration values in the permeate solutions were measured by UV-Vis spectroscopy. All of the data were calculated based on the results from at least three experiments.

Characterization
----------------

Scanning electron microscopy (SEM) images were obtained using a Hitachi field-emission SEM (S4800, Japan) at 5 kV, and the corresponding energy-dispersive spectroscopy (EDS) was conducted using an Oxford X-Max^N^ 50 instrument (Oxford Instruments, UK). Transmission electron microscopy (TEM) images were obtained on a JEM 2100 instrument (JEOL, USA) operated at 200 kV. Fourier transform infrared (FTIR) analysis was performed on a Nicolet™ Nexus 470 FTIR spectrometer (Thermo Nicolet, USA) at a resolution of 4 cm^−1^. The UV-Vis spectra were recorded on a Lambda-25 spectrometer (Perkin-Elmer Inc. US). Brunauer-Emmett-Teller (BET) measurements were performed on an Autosorb-iQ-C analyzer (Quantachrome Instruments, USA) at 77 K.

Single molecule fluorescence detection
--------------------------------------

The apparatus used for single molecule fluorescence detection was similar to a previously described apparatus[@b35][@b36]. Briefly, a 488-nm Gaussian beam was directed through a dichroic mirror and oil immersion objective (Apochromat 60×, NA 1.40, Nikon, Japan) and focused on a 5 μm area of a 0.2 mL sample solution supported on a cover glass. The size of the beam diameter on the back aperture of the objective was 3 mm. Fluorescence was collected using the same objective and imaged on a 50 μm pinhole to reduce out-of-focus fluorescence and other background noise. Blue fluorescence was filtered using long-pass and band-pass filters (XF3085 and 488/15 Notch filters, Omega Optical Filters, USA) before being focused onto an Avalanche Photodiode (APD). The dark count rate for the APD was below 100 counts per second. The output from the APD was coupled to a PC-implemented multichannel scalar card (MCS-Plus, EG&G, Canada). The power of the laser entering the microscope was adjusted using Neutral Density Filters (Thorlabs, UK) from 10 μW to 2 mW to perform the trapping experiments (70% of this incident power reached the sample). Time bins of 0.1--10 ms were used for the experiments, which were conducted at room temperature (∼20 °C) with the excitation laser power adjusted to 200 μW. A bin time of 1 ms was used and the total time for one experiment was 8 seconds[@b37].
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![Optical images of (**a**) GO, (**b**) GO/CNT, and (**c**) GO/AC membranes. Schematic illustration of (**d**) pure GO, (**e**) GO/CNT, (**f**) GO/AC membranes and (**g**) the CNT/AC hybrid. (**h**) A possible route for the permeation of the TCH solution through contact with the GO/AC membrane.](srep43717-f1){#f1}

![SEM images of a cross-section of (**a**) GO, (**c**) GO/CNT, and (**d**) GO/AC membranes, and TEM images of (**b**) GO, (**d**) GO/CNT, and (**f**) GO/AC membranes. The scale bar for the inset in (**c**,**e**) is 500 nm.](srep43717-f2){#f2}

![(**a**) N~2~ adsorption-desorption isotherms of GO/CNT, GO/AC, and pure GO membranes. The inset shows the pore size distribution of the GO/AC membrane. (**b**) UV-Vis absorption spectra of the initial TCH solution and the residue solutions obtained by filtration using GO, GO/CNT, and GO/AC membranes. (**c**) The saturated adsorption capacity of GO, AC, CNTs, GO/CNT, and GO/AC membranes. EDS images (**d**) of a cross section of the GO/AC membrane and the corresponding element distribution of (**e**) carbon, (**f**) nitrogen, (**g**) oxygen, (**h**) silica substrate, and (**i**) chlorine.](srep43717-f3){#f3}

![(**a**) The adsorption efficiencies and filtration times of the TCH solution (0.4 mg/mL, 20 mL) using pure GO, GO/CNT, GO/AC, and CNT/AC membranes. (**b**) Comparison of the separation time required for the natural adsorption method and the membrane filtration using GO/AC membrane. (**c**) The residual percentage of TCH in the solution after each filtration. UV-Vis spectra of TCH solutions filtered at different cycles using the GO/AC membrane (insert).](srep43717-f4){#f4}

![(**a**) Typical single molecule bursts of TCH at a concentration of 25 pM. (**b**) Fluorescence background of pure water. (**c**) The number of single molecular burst signals as a function of TCH concentration (0.55 pM, 1 pM, 10 pM, 50 pM, 100 pM, 250 pM, 400 pM, 700 pM, and 1000 pM). The error bars indicate the standard deviation of three separate measurements for each concentration of TCH. The green star symbol indicates a 150 pM TCH residual.](srep43717-f5){#f5}

[^1]: These authors contributed equally to this work.
